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Abstract: TeV Halos, extended regions of TeV gamma-ray emission around middle-aged
pulsars, have recently been established as a new source class in gamma-ray astronomy. These
halos have been attributed to relativistic electrons and positrons that have left the acceler-
ation region close to the pulsar and are diffusing in the surrounding medium.
Measuring the morphology of TeV Halos enables for the first time a direct measurement
of the electron diffusion on scales of tens of parsecs. There are hints that the presence of
relativistic particles affects the diffusion rate in the pulsars’ surroundings. Understanding
electron diffusion is necessary to constrain the origins of the apparent “excess” of cosmic-ray
positrons at tens of GeV. TeV Halos can also be used to find mis-aligned pulsars, as well as
study certain properties of the Galaxy’s pulsar population.
Future VHE gamma-ray instruments will detect more of those TeV Halos and determine
how much pulsars contribute to the observed cosmic-ray electron and positron fluxes, and
how they affect diffusion in their environments.
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1 Science
1.1 TeV Halos
The HAWC observatory has discovered ‘halos’ of extended (several degrees) TeV gamma-
ray emission around the Geminga and Monogem pulsars [1]. For Geminga, this emission is
orders of magnitudes more extended than what is expected from the PWN.
These objects, dubbed ‘TeV Halos’, constitute a new source class [2]. The emission
is consistent with inverse Compton (IC) emission from electrons and positrons1 that were
originally accelerated by the pulsar or in the pulsar wind nebula (PWN), but have since
escaped the acceleration region and are diffusing in the surrounding medium. In the region
around Geminga, the diffusion radius of electrons with energies below 1 TeV is limited by
the pulsar age; for higher energies, it is limited by the electron cooling time. The largest
diffusion radius of about 70 pc is reached by 1 TeV electrons [1].
HAWC was able to measure the diffusion coefficient inside the Geminga and Monogem
Halos. The results were significantly lower than what expected for the interstellar medium
(ISM) [1]. Assuming the diffusion coefficient is constant over a larger region, these measure-
ments indicate that Geminga and Monogem can not be the primary sources of the apparent
excess in cosmic-ray positrons (see section 1.3), as the electrons accelerated by these pulsars
would cool long before reaching Earth.
However, there are models by which the streaming of the relativistic electrons itself sup-
presses the diffusion coefficient near the pulsars [3]. There could be ‘bubbles’ of suppressed
diffusion extending for tens of parsecs around middle-aged pulsars, with increased diffusion
in the rest of the Galaxy. In that case, electrons leaving this bubble could still propagate to
Earth and significantly contribute to the local positron fraction [4].
It has been proposed that all middle-aged pulsars should have such halos with approx-
imately the same efficiency to produce TeV gamma rays and the same electron diffusion
coefficient [2]. The TeV gamma-ray flux would then only depend on the pulsar’s spindown
luminosity and its distance. In that case, many more such objects should be discovered in
future searches [2]. Since the discovery of the first TeV Halos, HAWC has already reported
at least two more TeV Halo candidates [5, 6]. Some of the unidentified or PWN-associated
sources seen by HAWC and H.E.S.S. in the galactic plane may also be TeV Halos [2].
The presence of TeV Halos may be the best observational signature for the discovery
mis-aligned pulsars, whose radio beam does not strike Earth [2]. The total number of TeV
Halos can provide constraints on some properties of the Galactic pulsar population and the
time it takes for a TeV Halo to form [7], which is not yet known. An upper limit for the
halo formation time is given by the characteristic age of the Monogem pulsar (110 kyr).
Unresolved TeV Halos would contribute to the diffuse gamma-ray background. It has
been proposed that they indeed make up a significant fraction of the measured Galactic
diffuse flux at TeV energies [8]. That could explain the apparent discrepancies between the
measured TeV diffuse flux and extrapolations from measurements at lower energies [9, 10].
1In the following, collectively referred to as ‘electrons’.
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1.2 Particle acceleration in pulsars and their environments
Pulsars are rapidly rotating neutron stars with strong magnetic fields capable of particle
acceleration [11]. They can produce pairs of electrons and positrons and accelerate them up
to TeV energies via polar cap cascades [12]. These particles escape the light cylinder and
propagate in the surrounding medium along open field lines. Many young and middle-aged
pulsars are surrounded by pulsar wind nebulae, parsec-scale regions energetically dominated
by relativistic e+e− winds from the pulsar. Once in the PWN, electrons can be further
accelerated to higher energies. They emit X-rays via synchrotron emission and gamma rays
via IC scattering [13]. Existing instruments have seen gamma rays at tens of TeV from
such systems (e.g., [1, 14, 15]). In at least one system it is possible to observe the escape
of electrons from the PWN seen in X-rays [16] and their subsequent cooling as they travel
further from the pulsar [14]. More recent work has suggested pulsars may inject particles as
high as ∼ 30 TeV into its PWN [12], although there is evidence to suggest electron energies
in the PWN reach at least as high as 100 TeV [14, 15, 17].
1.3 Cosmic-ray electrons and the positron excess
While the bulk of cosmic rays constantly bombarding Earth are protons and nuclei, they
also contain electrons (and positrons). Cosmic-ray electrons (CREs) have been observed
with energies up to tens of TeV by space- and ground-based detectors. Their energies follow
a soft, broken-powerlaw spectrum, with the index softening from -3 to -3.8 at around 1 TeV
[18, 19, 20]. At TeV to PeV energies, electrons propagating through the Galaxy cool very
efficiently via synchrotron emission and IC scattering. Thus, primary CREs at these energies
must be produced in nearby sources (within hundreds of parsecs). There is also a component
of secondary electrons, produced in interactions of hadronic cosmic rays with the interstellar
medium (ISM).
At TeV energies, cosmic-ray positrons are expected to consist mainly of secondary par-
ticles, with a softer spectrum than primary electrons, and the positron fraction is expected
to decrease with energy. However, several experiments have observed an increase in the
positron fraction above about 10 GeV, continuing up to at least 100 GeV [21, 22, 23], consis-
tent with a hardening in the positron spectrum [24]. Possible explanations comprise physics
beyond the standard model, for example dark matter decay or annihilation processes (see
e.g., Ref. [25]), as well as the presence of one or several nearby positron accelerators (see e.g.,
Ref. [26]). As described in section 1.2, pulsars and their environments are good candidates
for such accelerators. The study of particle acceleration in pulsars and their environment
will provide important clues about the origin of the positron excess.
CREs are deflected by Galactic magnetic fields and thus do not point back to their
sources. However, their sources can be identified by the electromagnetic emission produced
by CREs interacting with matter or radiation fields in and near their sources. TeV-energy
electrons in particular can produce VHE (very-high-energy, E>100 GeV) gamma rays via
IC upscattering of lower-energy photons [27].
2
2 Future Research
TeV Halos have only recently been described as a source class, and not much is known about
them. In this section, we propose three key projects, to be conducted over the next decade
or two, that will help answer the following questions:
1. How do TeV Halos form and evolve?
2. How do they affect electron diffusion in the Galaxy?
3. What can we learn about the Galactic pulsar population from studying TeV Halos?
The TeV gamma-ray channel is ideally suited for the study of TeV Halos. Their VHE IC
emission is dominated by interactions with the CMB, a photon field of known magnitude
and spectrum. Thus, there is little uncertainty in inferring the properties of the electron
population from the measured IC emission.
The electrons in the Halo can also emit synchrotron radiation in the hard X-ray/soft
gamma-ray range. Detection of this emission could also lead to important physics results as
it is sensitive to the magnitude of the magnetic field in the halo region.
2.1 Deep observations of well-resolved TeV Halos
Further studies of bright, well-resolved TeV Halos, such as the prototypical Geminga Halo,
are needed. Future observations should cover a larger energy range (tens of GeV to hundreds
of TeV) with high sensitivity, have improved angular and energy resolution, and be able to
address the following questions:
• Does electron diffusion proceed homogeneously in the pulsar environment, or are there
any signs for asymmetries/inhomogeneities?
• Is there an ‘edge’ to the bubble, beyond which diffusion coefficient increases to the
expected levels from the ISM? How far does the bubble extend?
• (How) does the diffusion coefficient depend on electron energy?
• What is the maximum energy up to which electrons can be found in the Halo?
Answers to these questions will help determine the processes that lead to the suppressed
diffusion and the formation of TeV Halos, and let us better constrain the number of electrons
from such sources that could make it to Earth.
2.2 Survey of known pulsars
A deep survey, looking for extended TeV emission around known radio and gamma-ray
pulsars, will provide a larger sample of TeV Halos and enable population studies. The
following questions should be addressed:
• How common are TeV Halos?
• How and when in a pulsar’s lifetime do they form? How do they evolve?
• How similar or dissimilar are these objects to one another in terms of the gamma-ray
emissivity and the diffusion coefficient?
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Figure 1: Prediction for the number and Galactic Longitude distribution of TeV Halos to
be discovered with current or future instruments. A “HAWC-like” 10 year sensitivity is
modeled as a theoretical instrument with a sensitivity of 3% of the Geminga flux across the
entire sky. Figure from Ref. [7] (see there for more details about the model), reproduced
with permission.
Under the hypothesis that all pulsars have TeV Halos with the same efficiency to produce
gamma rays as Geminga, an all-sky VHE gamma-ray survey of with milli-Crab sensitivity
should be able to discover several tens, up to hundreds of such objects, depending on how
long it takes for a TeV Halo to form [2]. The study of younger pulsars in the age range of 10
kyr–100 kyr is especially crucial to constrain the minimum age and formation mechanisms.
If no or few new TeV Halos are detected, we will be able to place constraints on the electron
acceleration/escape efficiency and the diffusion coefficients around known pulsars.
2.3 Blind searches for new pulsars
So far, most pulsars have been detected via searches for periodic radio pulses. Some have
also been found via their pulsed gamma-ray emission. However, there is an unknown fraction
of ‘mis-aligned’ pulsars, whose radio-beam does not sweep Earth and from which we do not
observe any pulsed emission. Blind searches for TeV Halos in the Milky way and neighboring
galaxies such as the Large Magellanic Cloud are expected to lead to the discovery and
identification of tens or hundreds new pulsars (see Figure 1 and Ref. [7]). In addition to
further improving our understanding of TeV Halos and their evolution, blind searches will
lead to a better understanding of pulsar populations and improve measurements of (see
Ref. [7]):
• the total number of pulsars and the pulsar beaming fraction,
• the distribution of pulsar parameters such as the initial spin period and the magnetic
field strength, and how these distributions depend on the host galaxy, and
• the contribution of unresolved TeV Halos to the diffuse gamma-ray background.
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3 Instrumentation
3.1 Current and planned instrumentation
While space-based gamma-ray detectors typically have large fields-of-view (FoVs), very good
angular and energy resolution, and low backgrounds, they are limited in detector volume and
thus cannot compete with ground-based observatories at TeV energies and above.
For ground-based gamma-ray detectors, the dominant detection techniques are imaging
air-Cherenkov telescope (IACT) arrays, which record stereoscopic images of gamma-ray and
cosmic-ray induced air showers via Cherenkov light emitted as the shower propagates through
the atmosphere, and particle detector ground arrays, which detect air shower particles as
they reach the ground. IACTs typically have smaller instantaneous FoVs (few degrees radius)
compared to ground arrays (∼ 45◦), but better resolution and background suppression. Both
techniques are sensitive to gamma-ray showers from tens/hundreds of GeV to hundreds of
TeV, depending on the detector altitude. Both are inherently modular: the instruments’
sensitivities can be increased by increasing the number of telescopes/detector units.
The current generation of IACTs (VERITAS [28], MAGIC [29], and FACT [30] in the
northern hemisphere and H.E.S.S. [31] in the south), sensitive in the energy range from tens
of GeV to tens of TeV and beyond, will continue operating for the next few years. HAWC
[32] in the northern hemisphere is the only active ground array gamma-ray detector. It was
recently extended by an outrigger array and there are plans to run until at least 2025.
Two instruments are currently in the prototype/construction phase: LHAASO [33], a
hybrid ground/air Cherenkov array located in the northern hemisphere, will start partial
operations this year (full operations in 2020). It is planned to operate for at least 10–15
years. LHAASO will have a wide FoV and be sensitive to gamma rays from 100 GeV to
1 PeV. The Cherenkov Telescope Array CTA [34] will start partial operations in 2022 and
full operations in 2025. It comprises two sites, one in each hemisphere, covering an energy
range from 20 GeV to at least 300 TeV. CTA is an array of pointing instrument with FoVs
of several degrees radius and its observing program includes a combination of pointed and
survey observations.
3.2 Recommendations for future projects
To perform the studies outlined in section 2, improvements in VHE gamma-ray detection
are necessary. We need both sensitive pointing instruments with good angular resolution for
precise measurements of the TeV Halo morphology, as well as surveys covering the Galactic
plane and nearby galaxies to discover more TeV Halos and characterize their populations.
Due to the distributions of pulsars in the Galaxy, more Galactic TeV Halos are expected to
be found closer to the Galactic center, visible in the southern sky (see Figure 1).
CTA will provide pointed observations in both hemispheres, and LHAASO will survey
the northern sky. A sensitive TeV gamma-ray survey observatory located in the southern
hemisphere, with a good view of the inner Galaxy, is needed to maximize the scientific
return of searches for new TeV Halos. The planned TeV instruments would thus be well
complemented by a next-generation TeV-range gamma-ray survey instrument located in the
southern hemisphere, such as the proposed SGSO project [35].
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